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Abstract 
Generalist predator guilds play a prominent role in structuring insect communities and can con-
tribute to limiting population sizes of insect pest species. A consequence of dietary breadth, 
particularly in predatory insects, is the inclusion of low-quality, or even toxic, prey items in the 
predator’s diet. Consumption of low-quality prey items reduces growth, development, and sur-
vival of predator larvae, thereby reducing the population sizes of generalist predators. The 
objective of this paper was to examine the effect of a suspected low-quality aphid species, Aphis 
fabae (Scopoli) (Hemiptera: Aphididae), on the larval performance of an abundant North Ameri-
can predator, Hippodamia convergens (Guérin-Méneville) (Coleoptera: Coccinellidae). For 
comparison, H. convergens larvae were also reared on a known high-quality aphid species 
Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae) and on a 50:50 mix of both aphid species. 
The proportion of H. convergens larvae surviving to the adult stage was dramatically lower (0.13) 
on the A. fabae diet than on the A. pisum diet (0.70); survival on the mixed diet was intermediate 
(0.45) to survival on the single-species diets. Similarly, surviving H. convergens larvae also de-
veloped more slowly and weighed less as adults on the A. fabae diet than on the A. pisum diet. 
Despite the relatively poor performance on the A. fabae diet, H. convergens larvae killed large 
numbers of A. fabae. Furthermore, H. convergens displayed a preference for A. fabae in the 
mixed diet treatment, most likely because A. fabae was easier to catch than A. pisum. The results 
suggest that increases in the distribution and abundance of A. fabae in North America may have 
negative effects on H. convergens population size.  
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Table 1. Proportion of individuals surviving to the adult stage 
for several species of ladybird beetle larvae when reared on a 
diet of Aphis fabae. 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Kalushkov 1998; 2Cabral et al. 2006; 3Farhadi et al. 2011; 
4Blackman 1965; 5Işıkber and Copland 2002; 6Kontodimas et al. 
2008; 7Kalushkov and Hodek 2004 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction 
 
Generalist predators play a prominent role in 
structuring insect communities through intra-
guild predation (Rosenheim et al. 1995), 
apparent competition (van Veen et al. 2006), 
and tritrophic interactions (Evans 2008). The 
numerous potential interactions that involve 
generalist predators complicate predictions 
about when generalist predator guilds can 
contribute to limiting insect pest populations 
(Obrycki et al. 2009; Weber and Lundgren 
2009), which has produced a contentious de-
bate about the overall effectiveness of 
generalist predators in biological control 
(Kindlmann and Dixon 2001; Symondson et 
al. 2002). One factor able to reduce the effec-
tiveness of top-down control by generalist 
predators is the presence of non-target prey 
(Harmon and Andow 2004; Koss and Snyder 
2005; Prasad and Snyder 2006), particularly if 
the non-target prey species is toxic (van Veen 
et al. 2009), more frequently encountered 
(Bergeson and Messina 1998), or easier to 
capture (Provost et al. 2006) than the target 
prey species. In this study, the costs of con-
suming a suspected low-quality prey species 
were measured on a generalist predator both 
in the presence and absence of a known high-
quality prey species. 
  
Consumption of toxic prey is particularly 
likely when high-quality prey are scarce be-
cause generalist predators respond to the 
threat of starvation by including low-quality 
and toxic prey items in their diet (Dixon 2000; 
Sloggett and Majerus 2000; Sherratt et al. 
2004). Even when high-quality prey are abun-
dant, the availability of high-quality prey to 
predators may be low if the prey are difficult 
to catch and subdue (Lang and Gsödl 2001; 
Provost et al. 2006). Generally, there is a 
trade-off between chemical defense and alter-
native defense mechanisms (Pasteels 1983), 
suggesting that predators can capture toxic 
prey more easily than high-quality prey. As a 
consequence, the vulnerability of prey to pre-
dation often plays a more prominent role in 
predators’ diet selection than the nutritional 
quality or toxicity of prey (Sih and Christen-
sen 2001). 
  
Aphis fabae (Scopoli) (Hemiptera: Aphididae) 
is a polyphagous cosmopolitan pest (Dixon 
1998) and varies widely in quality as food 
(Table 1) for aphidophagous ladybird beetles 
(Coleoptera: Coccinellidae), which are promi-
nent generalist predators in insect 
communities (Obrycki and Kring 1998; Obry-
cki et al. 2009; Weber and Lundgren 2009). 
However, the quality of A. fabae as a food for 
one of the most abundant native ladybird bee-
tles in North America, Hippodamia 
convergens (Guérin-Méneville), is unknown. 
A. fabae was introduced to North America 
from Europe about 130 years ago and has 
achieved pest status (Foottit et al. 2006). 
Moreover, A. fabae may become more preva-
lent in North America, because global climate 
change is expected to increase yields of grain 
legumes, which include important host plants 
for A. fabae such as broad beans, Vicia faba 
(L.) (Fabales: Fabaceae) (Andrews and Hodge 
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2010). In general, ladybird beetles often show 
no preference for high-quality prey and even 
consume toxic prey in laboratory studies 
(Blackman 1967a; Nielsen et al. 2002; Ferrer 
et al. 2008; Nedvěd and Salvucci 2008). Thus, 
if A. fabae is a low-quality food for H. con-
vergens, consumption of A. fabae may have 
negative effects on H. convergens popula-
tions, which could cascade through the insect 
community and potentially impact the strength 
of top down control imposed by H. conver-
gens on aphid pests.   
 
The central objective of this study was to 
measure the larval performance of H. conver-
gens on a diet of A. fabae. For comparison, 
larval performance was also measured for H. 
convergens on a diet of Acyrthosiphon pisum 
(Harris) (Hemiptera: Aphididae), which is a 
high-quality food for a large number of coc-
cinellid species (Rana et al. 2002; Ueno 2003; 
Kalushkov and Hodek 2004), including H. 
convergens (Giles et al. 2001). Like A. fabae, 
A. pisum was introduced to North America 
from Europe about 130 years ago and has 
achieved pest status (Foottit et al. 2006). A. 
pisum and A. fabae both exploit V. faba and 
Pisum sativum (L.) (Fabales: Fabaceae) as 
host plants (van Emden and Harrington 2007). 
Moreover, A. pisum readily colonizes V. faba 
plants containing A. fabae in the laboratory 
(Hinkelman and Tenhumberg, unpublished 
data). The presence of multiple prey species 
on a plant (or in a field) can alter the top-
down effects of a generalist predator via 
changes in predator preferences and perform-
ance (Harmon and Andow 2004; Evans 2008). 
Thus, prey preference and performance of H. 
convergens were examined on a diet com-
prised of both aphid species. Laboratory tests 
of prey preferences provide a baseline test of 
the potential negative effects of toxic prey on 
generalist predators.  
 
Materials and Methods  
 
A. pisum and A. fabae were maintained in 
separate cultures with V. faba as the host 
plant. Adult H. convergens were housed in 
cages with A. pisum and V. faba. Adult H. 
convergens were purchased from a commer-
cial supplier (A-1 Unique Insect Control, 
www.a-1unique.com), who collects H. con-
vergens from the Sierra Nevada Mountains 
and maintains them in dormant state through 
cold storage (3° C). All insects were main-
tained at approximately 24° C on a 16:8 L:D 
photoperiod. To avoid egg cannibalism, eggs 
were removed from the H. convergens culture 
and placed in a separate cage for hatching. 
Recently hatched (< 24 hrs) H. convergens 
larvae were placed individually in plastic vials 
(diameter = 26 mm; height = 67 mm; volume 
= 33 mL) and randomly assigned to one of 
three diet treatments: (1) A. fabae only, (2) A. 
pisum only, and (3) 50:50 mix of A. fabae and 
A. pisum. Neonate larvae were not weighed at 
the start of the experiment, but random treat-
ment assignments, and a relatively large 
sample size, made it unlikely that a systematic 
bias in initial condition was introduced into 
the experimental design. 
 
Each day, the live and dead aphids remaining 
in each predator’s vial were counted and re-
moved. Dead aphids were divided into two 
categories: those that showed evidence of 
piercing by the mouthparts of H. convergens 
larvae (killed) and those with no evidence of 
piercing (dead). The number of aphids killed 
each day was determined by subtracting the 
number of live and dead aphids from the 
number of aphids supplied the previous day. 
H. convergens larvae were provided with 
fresh aphids daily. The number of aphids fed 
each day (Figure 1) was based on the number 
of aphids killed on the previous day. Thus, 
feeding was tailored to each individual H. 
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Table 2. Performance of Hippodamia convergens larvae on three 
diet treatments: Aphis fabae alone, Acyrthosiphon pisum alone, and 
50:50 mix of A. fabae and A. pisum. Values presented are the 
predicted means ± standard error from the statistical models. 
Values followed by different letters are significantly different. 
Estimates for developmental time and mass include only larvae 
that survived to the adult stage. 
 
 
 
 
1Sample sizes: A. fabae – 30, Mixed – 29, A. pisum – 30 
2Sample sizes: A. fabae – 4, Mixed – 13, A. pisum – 21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
convergens larvae and did not follow a set 
schedule. Across all three treatments, aphids 
were subjectively size-matched by selecting 
large A. fabae and similarly-sized A. pisum to 
ensure that differences in preference or per-
formance were not attributable to aphid size 
differences, because apterous A. pisum adults 
(3.8 mg) are 4× larger than apterous A. fabae 
adults (0.9 mg) (Dixon and Kindlmann 1999).  
  
Three measures of H. convergens perform-
ance were examined: (1) survival to the adult 
stage (binary response), (2) time to adult stage 
(days), and (3) adult mass (mg). Adult fecun-
dity was not measured, because fecundity is 
typically highly variable for predatory insects 
and thus requires a large sample size to obtain 
a good estimate. A sufficiently large sample 
size was difficult to get because of the low 
survival rate on the A. fabae diet. However, 
adult size is positively correlated with repro-
ductive capacity (Stewart et al. 1991), thus 
adult weight was used as an indicator of H. 
convergens fitness. The relationship between 
diet treatment and performance variables was 
analyzed with either a generalized linear 
model with a binomial error distribution (sur-
vival) or linear models with normal error 
distributions (developmental time, mass). The 
overall effect of the diet treatment on each 
performance variable was tested with either 
analysis of deviance (survival) or analysis of 
variance (developmental time, mass).  
 
Locally weighted polynomial regression mod-
els were fit separately for each diet treatment 
to characterize the relationship between the 
number of aphids killed each day and the age 
of H. convergens larvae. The data were split 
into two subsets based on whether or not H. 
convergens larvae survived to the adult stage, 
because the number of aphids killed at a given 
age was related to the developmental stage of 
the larvae, and unsuccessful larvae typically 
developed more slowly than successful larvae.  
 
For H. convergens larvae on the mixed diet, 
prey preferences were tested with a two-tailed 
sign test by comparing the total number of 
each aphid species killed over the duration of 
the larval period. A significant prey prefer-
ence, therefore, indicates that the two aphid 
species were not killed in the same proportion 
as available in the environment (Sih and 
Christensen 2001). R was used to conduct all 
statistical analyses (R Development Core 
Team 2011). 
 
Results 
 
Diet treatment significantly affected all three 
performance measures (survival to the adult 
stage: deviance2,86 = 21.4, p < 0.001; time to 
the adult stage: F2,35 = 139.9, p < 0.001; adult 
mass: F2,35 = 45.9, p < 0.001). Survival was 
significantly higher on a diet comprised of A. 
pisum (0.70) than A. fabae (0.13); survival on 
the mixed diet (0.45) was intermediate to sur-
vival on the diets of single aphid species 
(Table 2). Developmental time to the adult 
stage was significantly shorter, and adult mass 
was significantly greater, on the A. pisum diet 
than on either of the other two diets (Table 2). 
The number of aphids killed by H. convergens 
larvae peaked earlier on the A. pisum diet (8 
days; Figure 2A) than on either the mixed (16 
days; Figure 2B) or A. fabae diets (15 days; 
Figure 2C). Although H. convergens larvae 
performed better when fed A. pisum, larvae on 
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the mixed diet killed significantly fewer A. 
pisum than A. fabae over the duration of the 
larval period (sign test, p = 0.024; Figure 3).  
 
Discussion 
 
The objective of this study was to examine the 
fitness consequences of consuming the insect 
pest A. fabae on a native predatory insect in 
North America, namely H. convergens. The 
results suggest that A. fabae is a very low-
quality prey that drastically influences three 
measures of H. convergens performance. An 
A. fabae diet increases developmental time 
and reduces survival and adult mass of H. 
convergens larvae relative to the high-quality 
aphid A. pisum. Consuming A. fabae increased 
the developmental time of H. convergens lar-
vae, resulting in a delay in peak killing 
capacity relative to the A. pisum diet. The 
predator larvae took a very long time to pu-
pate or die on the A. fabae diet (Figure 2C, F) 
and, as a consequence, they killed as many 
aphids on the A. fabae (202 ± 37 aphids/larva) 
diet as larvae on the A. pisum diet (148 ± 31 
aphids/larva) over their entire larval periods 
(generalized linear model: t = -1.12, df = 58, p 
= 0.27). The findings are not limited to A. fa-
bae grown on V. faba; using sugar beets, Beta 
vulgaris, as a host plant produced a similarly 
negative effect for H. convergens larvae 
(Tenhumberg, unpublished data). To our 
knowledge, larval survival on an A. fabae diet 
is lower for H. convergens than any other la-
dybird beetle species previously tested (Table 
1). Although compounds sequestered from 
host plants can contribute to aphid defense 
(Pasteels 2007), there is no clear effect of host 
plant on suitability of A. fabae for ladybird 
beetles (Table 1).  
 
The poor performance on diets that included 
A. fabae in this study was unlikely to have 
been caused by prey limitation, because ex-
cess aphids were provided daily, and H. 
convergens rarely fully consume A. fabae in-
dividuals (Hinkelman 2012). Partial 
consumption of A. fabae has also been re-
ported for Adalia bipunctata (Blackman 
1967b). Furthermore, behavioral experiments 
show that H. convergens larvae spend nearly 
9× longer handling A. fabae than size-matched 
A. pisum (Hinkelman 2012), suggesting that 
H. convergens may be limited by time rather 
than aphid abundance on the A. fabae diet. 
 
Interestingly, H. convergens larvae readily 
consumed A. fabae (either partially or fully) 
even if A. pisum was available in excess. 
Moreover, H. convergens exhibited a signifi-
cant preference for A. fabae on the mixed diet 
despite the negative effects of A. fabae on lar-
val performance. This ostensibly suboptimal 
foraging behavior might have been the result 
of effective anti-predator behavior by A. pi-
sum (Francke et al. 2008) that reduced the 
capture success of H. convergens larvae even 
in the relatively simple environment of a plas-
tic tube (i.e., by dropping from sides and lid). 
Indeed, A. pisum is less vulnerable to preda-
tion by H. convergens adults than A. fabae in 
laboratory tests on alfalfa plants (Bernays 
1989). Our results are consistent with the 
growing appreciation that predatory insects 
commonly select prey for factors (e.g., mobil-
ity) other than nutritional value (Eubanks and 
Denno 2000; Sih and Christensen 2001). The 
relative vulnerability of A. pisum and A. fabae 
is also likely affected by aphid age. Young 
aphids are generally less mobile (Tokunaga 
and Suzuki 2007) and less likely to drop from 
plants (Losey and Denno 1998; Gish et al. 
2012) than adult aphids. Thus, the age distri-
bution of A. pisum and A. fabae populations is 
likely to affect the diet composition of H. con-
vergens larvae in the field. It is not known if 
the quality of A. fabae depends on aphid age, 
but H. convergens larvae also performed poor-
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poorly on a diet comprised of a random mix of 
A. fabae instars relative to a random mix of A. 
pisum instars (Tenhumberg, unpublished da-
ta). 
 
These experiments were conducted in an arti-
ficial laboratory setting lacking foraging cues 
(e.g., honeydew) and behaviors (e.g., oviposi-
tion) that are present in the field. Aphid 
honeydew is used as a foraging cue in some 
aphid-coccinellid systems (Carter and Dixon 
1984; Ide et al. 2007), but H. convergens lar-
vae do not discriminate between A. fabae and 
A. pisum based on aphid honeydew (Puran-
dare and Tenhumberg 2012). It is possible that 
adult ladybird beetles avoid ovipositing on 
plants infested with A. fabae in the field. 
However, it is largely unknown whether lady-
bird beetles preferentially oviposit near high-
quality aphid species (Omkar and Mishra 
2005; Fréchette et al. 2006). Moreover, fields, 
and even individual plants, are likely to con-
tain more than one prey species, which 
complicates the oviposition decisions of gen-
eralist predatory insects. More work is needed 
to determine the extent to which ladybird bee-
tles use behavioral mechanisms to avoid 
consuming low quality and toxic prey.   
 
Caution is required when extrapolating the 
results of laboratory studies to field condi-
tions. In the field, predator and prey rarely 
interact on a strictly one-to-one basis, and the 
numerous indirect interactions associated with 
multispecies communities complicate biologi-
cal control predictions (Müller and Godfray 
1999; Harmon and Andow 2004). For exam-
ple, generalist predators can mediate positive, 
negative, or neutral indirect interactions be-
tween prey species (Harmon and Andow 
2004; Evans 2008). A recent study in a syr-
phid-aphid system (Diptera:Syrphidae) 
provides a particularly interesting parallel to 
our study system (van Veen et al. 2009). In 
that study, a positive indirect effect of a low-
quality prey species on a high-quality prey 
species was proposed to arise from the effect 
of the low-quality prey species on the shared 
predator, i.e., low-quality prey slowed devel-
opment and reduced larval survival of the 
predator, thereby reducing total prey con-
sumption (van Veen et al. 2009). The poor 
larval performance of H. convergens on an A. 
fabae diet suggests that A. fabae might have a 
positive indirect effect on aphid species that 
share H. convergens as a predator. However, 
the large number of A. fabae individuals killed 
by H. convergens larvae could counteract any 
positive indirect effects associated with high 
mortality of H. convergens larvae. Under-
standing the conditions leading to positive 
indirect interactions among aphid species is a 
promising area for future research with impor-
tant implications for biological control. In 
conclusion, the results of our study suggest 
that increases in the distribution and abun-
dance of A. fabae in North America could 
have negative effects on H. convergens popu-
lation size, which might have implications for 
the indirect interactions among aphid species. 
 
Acknowledgements 
 
Funding was provided by the Suzanne O. Pra-
ther Memorial Fund (T. M. Hinkelman), a 
University of Nebraska Layman Award (B. 
Tenhumberg ), and the Undergraduate Crea-
tive Activities and Research Experiences 
Program (B. Tenhumberg ). Special thanks to 
Samantha Janousek and Susan Greni for all 
the time spent counting aphids. John Reese 
and Stephen Kaffka ‘seeded’ our laboratory 
cultures of A. pisum and A. fabae. Eileen 
Hebets, Swapna Purandare, Jay Rosenheim, 
Todd Shelly, and three anonymous reviewers 
provided helpful comments on this manu-
script. 
 
 Journal of Insect Science: Vol. 13 | Article 46  Hinkelman and Tenhumberg 
Journal of Insect Science | http://www.insectscience.org	 	 	 	 	 	 	 	 	 	 	 	 	 	 	  	 	 	 	 	 	 	 7 
 
 
References 
 
Andrews M, Hodge S. 2010. Climate change, 
a challenge for cool season grain legume crop 
production. In: Yadav SS, Redden R, Editors. 
Climate Change and Management of Cool 
Season Grain Legume Crops. pp. 1–9. Spring-
er.  
 
Bergeson E, Messina FJ. 1998. Effect of a co-
occurring aphid on the susceptibility of the 
Russian wheat aphid to lacewing predators. 
Entomologia Experimentalis et Applicata 87: 
103–108. 
 
Bernays EA. 1989. Host range in phyto-
phagous insects: the potential role of 
generalist predators. Evolutionary Ecology 3: 
299–311. 
 
Blackman RL. 1965. Studies on specificity in 
Coccinellidae. Annals of Applied Biology 56: 
336–338. 
 
Blackman RL. 1967a. Selection of aphid prey 
by Adalia bipunctata L. and Coccinella 7-
punctata L. Annals of Applied Biology 59: 
331–338. 
 
Blackman RL. 1967b. The effects of different 
aphid foods on Adalia bipunctata L. and Coc-
cinella 7-punctata L. Annals of Applied 
Biology 59: 207–219. 
 
Carter MC, Dixon AFG. 1984. Honeydew: an 
arrestant stimulus for coccinellids. Ecological 
Entomology 9: 383–387. 
 
Dixon AFG. 1998. Aphid ecology: an optimi-
zation approach. Chapman and Hall.  
 
Dixon AFG. 2000. Insect predator-prey dy-
namics: ladybird beetles and biological 
control. Cambridge University Press.  
 
Dixon AFG, Kindlmann P. 1999. Cost of 
flight apparatus and optimum body size of 
aphid migrants. Ecology 80: 1678–1690. 
 
Eubanks MD, Denno RF. 2000. Health food 
versus fast food: the effects of prey quality 
and mobility on prey selection by a generalist 
predator and indirect interactions among prey 
species. Ecological Entomology 25: 140–146. 
 
Evans EW. 2008. Multitrophic interactions 
among plants, aphids, alternate prey and 
shared natural enemies–a review. European 
Journal of Entomology 105: 369–380. 
 
Ferrer A, Dixon AFG, Hemptinne J-L. 2008. 
Prey preference of ladybird larvae and its im-
pact on larval mortality, some life-history 
traits of adults and female fitness. Bulletin of 
Insectology 61: 5–10. 
 
Foottit RG, Halbert SE, Miller GL, Maw E, 
Russell LM. 2006. Adventive aphids (Hemip-
tera: Aphididae) of America north of Mexico. 
Proceedings of the Entomological Society of 
Washington 108: 583–610. 
 
Francke DL, Harmon JP, Harvey CT, Ives 
AR. 2008. Pea aphid dropping behavior di-
minishes foraging efficiency of a predatory 
ladybeetle. Entomologia Experimentalis et 
Applicata 127: 118–124. 
 
Fréchette B, Dixon AFG, Alauzet C, Boughe-
nou N, Hemptinne J-L. 2006. Should 
aphidophagous ladybirds be reluctant to lay 
eggs in the presence of unsuitable prey? En-
tomologia Experimentalis et Applicata 118: 
121–127. 
 
Giles KL, Stockland R, Madden RD, Payton 
ME, Dillwith JW. 2001. Preimaginal survival 
and development of Coleomegilla maculata 
 Journal of Insect Science: Vol. 13 | Article 46  Hinkelman and Tenhumberg 
Journal of Insect Science | http://www.insectscience.org	 	 	 	 	 	 	 	 	 	 	 	 	 	 	  	 	 	 	 	 	 	 8 
 
 
and Hippodamia convergens (Coleoptera: 
Coccinellidae) reared on Acyrthosiphon pi-
sum: Effects of host plants. Environmental 
Entomology 30: 964–971. 
 
Gish M, Dafni A, Inbar M. 2012. Young 
Aphids Avoid Erroneous Dropping when 
Evading Mammalian Herbivores by Combin-
ing Input from Two Sensory Modalities. PLoS 
ONE 7: e32706. 
 
Harmon JP, Andow DA. 2004. Indirect effects 
between shared prey: Predictions for biologi-
cal control. BioControl 49: 605–626. 
 
Hinkelman T.M. 2012. Foraging challenges: 
Unsuitable prey and limited information. Doc-
toral dissertation. University of Nebraska, 
Lincoln. 
 
Ide T, Suzuki N, Katayama N. 2007. The use 
of honeydew in foraging for aphids by larvae 
of the ladybird beetle Coccinella septempunc-
tata L. (Coleoptera : Coccinellidae). 
Ecological Entomology 32: 455–460. 
 
Kalushkov P, Hodek I. 2004. The effects of 
thirteen species of aphids on some life history 
parameters of the ladybird Coccinella septem-
punctata. BioControl 49: 21–32. 
 
Kindlmann P, Dixon AFG. 2001. When and 
why top-down regulation fails in arthropod 
predator-prey systems. Basic and Applied 
Ecology 2: 333–340. 
 
Koss AM, Snyder WE. 2005. Alternative prey 
disrupt biocontrol by a guild of generalist 
predators. Biological Control 32: 243–251. 
 
Lang A, Gsödl S. 2001. Prey vulnerability and 
active predator choice as determinants of prey 
selection: a carabid beetle and its aphid prey. 
Journal of Applied Entomology 125: 53–61. 
 
Losey J, Denno RF. 1998. The escape re-
sponse of pea aphids to foliar-foraging 
predators: factors affecting dropping behav-
iour. Ecological Entomology 23: 53–61. 
 
Müller CB, Godfray HCJ. 1999. Indirect in-
teractions in aphid–parasitoid communities. 
Population Ecology  
 
Nedvěd O, Salvucci S. 2008. Ladybird Coc-
cinella septempunctata (Coleoptera : 
Coccinellidae) prefers toxic prey in laboratory 
choice experiment. European Journal of En-
tomology 105: 431–436. 
 
Nielsen F, Hauge M, Toft S. 2002. The influ-
ence of mixed aphid diets on larval 
performance of Coccinella septempunctata 
(Col., Coccinellidae). Journal of Applied En-
tomology 126: 194–197. 
 
Obrycki JJ, Kring TJ. 1998. Predaceous Coc-
cinellidae in biological control. Annual 
Review of Entomology 43: 295–321. 
 
Obrycki JJ, Harwood JD, Kring TJ, O’Neil 
RJ. 2009. Aphidophagy by Coccinellidae: 
Application of biological control in agroeco-
systems. Biological Control 51: 244–254. 
 
Omkar, Mishra G. 2005. Preference–
performance of a generalist predatory lady-
bird: A laboratory study. Biological Control 
34: 187–195. 
 
Pasteels JM. 1983. The chemical ecology of 
defense in arthropods. Annual Review of En-
tomology 28: 263–289. 
 
Pasteels JM. 2007. Chemical defence, offence 
and alliance in ants-aphids-ladybirds relation-
ships. Population Ecology 49: 5–14. 
 
 Journal of Insect Science: Vol. 13 | Article 46  Hinkelman and Tenhumberg 
Journal of Insect Science | http://www.insectscience.org	 	 	 	 	 	 	 	 	 	 	 	 	 	 	  	 	 	 	 	 	 	 9 
 
 
Prasad RP, Snyder WE. 2006. Polyphagy 
complicates conservation biological control 
that targets generalist predators. Journal of 
Applied Ecology 43: 343–352. 
 
Provost C, Lucas É, Coderre D, Chouinard G. 
2006. Prey selection by the lady beetle Har-
monia axyridis: The influence of prey 
mobility and prey species. Journal of Insect 
Behavior 19: 265–277. 
 
Purandare SR, Tenhumberg B. 2012. Influ-
ence of aphid honeydew on the foraging 
behaviour of Hippodamia convergens larvae. 
Ecological Entomology 37: 184-192. 
 
R Development Core Team. 2011. R: A lan-
guage and environment for statistical 
computing. R Foundation for Statistical Com-
puting.  
 
Rana J, Dixon AFG, Jarošík V. 2002. Costs 
and benefits of prey specialization in a gener-
alist insect predator. Journal of Animal 
Ecology 71: 15–22. 
 
Rosenheim JA, Kaya HK, Ehler LE, Marois 
JJ, Jaffe BA. 1995. Intraguild predation 
among biological-control agents: theory and 
evidence. Biological Control 5: 303–335. 
 
Sherratt TN, Speed MP, Ruxton GD. 2004. 
Natural selection on unpalatable species im-
posed by state-dependent foraging behaviour. 
Journal of Theoretical Biology 228: 217–226. 
 
Sih A, Christensen B. 2001. Optimal diet the-
ory: when does it work and when and why 
does it fail? Animal Behaviour 61: 379–390. 
 
Sloggett JJ, Majerus ME. 2000. Habitat pref-
erences and diet in the predatory 
Coccinellidae (Coleoptera): an evolutionary 
perspective. Biological Journal of the Linnean 
Society 70: 63–88. 
 
Stewart LA, Hemptinne J-L, Dixon AFG. 
1991. Reproductive tactics of ladybird beetles: 
relationships between egg size, ovariole num-
ber and developmental time. Functional 
Ecology 5: 380–385. 
 
Symondson WOC, Sunderland KD, Green-
stone MH. 2002. Can generalist predators be 
effective biocontrol agents? Annual Review of 
Entomology 47: 561–594. 
 
Tokunaga E, Suzuki N. 2007. Colony growth 
and dispersal in the ant-tended aphid Aphis 
craccivora Koch and the non-ant-tended aphid 
Acyrthosiphon pisum Harris under the absence 
of predators and ants. Population Ecology 50: 
45–52. 
 
Ueno H. 2003. Genetic variation in larval pe-
riod and pupal mass in an aphidophagous 
ladybird beetle (Harmonia axyridis) reared in 
different environments. Entomologia Experi-
mentalis et Applicata 106: 211–218. 
 
van Emden HF, Harrington R. 2007. Aphids 
as crop pests. Cromwell Press.  
 
van Veen FJF, Brandon CE, Godfray HCJ. 
2009. A positive trait-mediated indirect effect 
involving the natural enemies of competing 
herbivores. Oecologia 160: 195–205. 
 
van Veen FJF, Morris RJ, Godfray HCJ. 2006. 
Apparent competition, quantitative food webs, 
and the structure of phytophagous insect 
communities. Annual Review of Entomology 
51: 187–208. 
 
Weber DC, Lundgren JG. 2009. Assessing the 
trophic ecology of the Coccinellidae: Their 
roles as predators and as prey. Biological 
Control 51: 199–214. 
 Journal of Insect Science: Vol. 13 | Article 46  Hinkelman and Tenhumberg 
Journal of Insect Science | http://www.insectscience.org	 	 	 	 	 	 	 	 	 	 	 	 	 	 	  	 	 	 	 	 	 	 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Sunflower plots of number of aphids fed each day to 
Hippodamia convergens larvae on three diet treatments: Aphis 
fabae alone, Acyrthosiphon pisum alone, and 50:50 mix of A. fabae 
and A. pisum. The number of ‘petals’ on the sunflower indicates 
the number of H. convergens larvae fed that number of aphids at 
that age; red points indicate a single larva. High quality figures 
are available online. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Number of aphids killed each day by Hippodamia 
convergens larvae on three diet treatments: Aphis fabae alone, 
Acyrthosiphon pisum alone, and 50:50 mix of A. fabae and A. pisum. 
Black lines are locally weighted polynomial regression models of 
aphids killed each day. Data was divided based on the fate of the 
H. convergens larvae. [Note the different range of the x-axis for 
(A–C) and (D–F).] Red lines indicate the number of H. conver-
gens larvae receiving food each day. The early dip in the red line 
in (B) arises from missing data because of a data recording error 
rather than through pupation or death of H. convergens larvae. 
High quality figures are available online. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Total number of aphids killed over the duration of 
the larval period for Hippodamia convergens on a 50:50 mix diet 
of Acyrthosiphon pisum and Aphis fabae. Symbols indicate fate of 
H. convergens larvae. The large variation in the number of aphids 
killed reflects variation in the number of days H. convergens spent 
in the larval stage before pupating or dying (see Figure 2B, E). 
Reference line indicates no difference in number of A. pisum and 
A. fabae killed. High quality figures are available online. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
